Human serum albumin (HSA) is the most abundant protein in blood plasma. It serves as a transport protein for several endogenous compounds such as nonesterified fatty acids (FAs), and is also capable of binding many commonly used drugs. Drug binding to HSA can result in a prolonged in vivo half-life. Thus, the binding of drugs to HSA is one of the most important factors determining their pharmacokinetics.
HSA consists of 585 amino acids and has a molecular mass of 66500 Da. The structure of HSA consists of 3 homologous domains (domains I-III), each of which is divided into 2 subdomains, A and B, having 6 and 4 a-helices, respectively ( Fig. 1) . [2] [3] [4] Multiple ligand-binding sites have been reported for these subdomains. Two primary drug-binding sites, I (the warfarin binding site, located in subdomain IIA) and II (the indole-benzodiazepine site, located in subdomain IIIA), have received particular attention because of their high drug-binding affinity. 5, 6) Seven FA binding sites have been also reported as common sites for medium-and long-chain FAs, 7) as well as for monosaturated and polyunsaturated FAs. 8) Detailed studies on these sites have been performed by using X-ray crystallography, [7] [8] [9] [10] [11] [12] site-directed mutagenesis, [13] [14] [15] and 13 C-NMR spectroscopy. 16, 17) Under normal physiological conditions, HSA binds with approximately 0.1-2 mol FA per mol protein.
18) The FA/HSA molar ratio can increase up to six during fasting or maximum exercise, 19, 20) or in patients with diabetes. 21) In the high-ratio state, FA may affect the interactions between HSA and drugs because some FA binding sites overlap with drug binding sites I and II. 12) Numerous studies have shown that drug binding to HSA can be modulated competitively or even cooperatively, by simultaneous binding of FAs. 1, 12, [22] [23] [24] [25] [26] [27] In the case of HSA-warfarin binding, it was reported that the addition of 2-4 mol of long-chain FAs per mol of HSA markedly increased the binding affinity of warfarin to HSA, whereas further addition of FAs decreased the affinity. 24) The effects of FAs on HSA-drug binding have been analyzed from the standpoint of the molecular structure. The binding of FA molecules to HSA can cause a relative rearrangement at the I-II and II-III domain interfaces 9, 28) and conformational changes of the side chains of drug binding site I. 12) However, these studies are based on the HSA structures with all FA-accommodating sites being occupied by FA molecules. To date, there are no published works concerning the individual effect of FA binding to each site on HSA is composed of 3 homologous domains, I-III, each of which is divided into 2 subdomains, A and B. The 5 myristate molecules are shown in black (high-affinity FA binding sites) or gray (low-affinity FA binding sites) in a space-filling representation. Numbering of the FA binding sites was sourced from Bhattacharya et al. 7) HSA-drug binding.
The present study was undertaken to elucidate the relationship between the HSA-drug binding affinity and the positions of bound FA molecules. In our previous study, 29) the binding free energy of a single palmitate or myristate molecule at each FA binding site was calculated using molecular dynamics (MD) simulations and the subsequent binding free energy calculations by the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) 30) method. The results of the calculations were consistent with the experimentally determined FA binding affinities. 29) Using a similar approach, we calculated the binding free energies of a drug (warfarin) to HSA with FA molecules bound to various positions on HSA. Unlike conventional MM-PBSA applications which analyze simple protein-ligand binding systems, this study deals with the systems such that multiple ligands bind to the other sites of the protein.
We present the results of the HSA-warfarin binding free energy calculations for a series of HSA-warfarin-myristate (HSA-Wf-Myr) complexes. Three effects of the bound FA molecules are reported. One is the effect due to a single FA molecule, which causes unfavorable steric interactions in HSA-warfarin binding. Next is the allosteric effect that causes an increase in atomic fluctuations at drug binding site I by the binding of FA molecules, which is related to the entropic contribution. The other is the allosteric effect that strengthens the favorable electrostatic contribution in HSAwarfarin binding, which is induced by simultaneous bindings of 2 FA molecules to the specific FA binding sites.
Experimental
Starting Structure of HSA-Wf-Myr Complex The initial coordinates of the HSA-Wf-Myr complex were obtained from the Protein Data Bank (PDB) 31) (PDB entry 1H9Z, structure resolution 2.5 Å). In the original structure, myristate molecules were bound to 6 of the 7 FA binding sites, and warfarin was bound to the other FA binding site, which is coincident with drug binding site I. 12) In this study, 1 myristate molecule that bound to subdomain IIB was removed because the binding of FAs to this site was much weaker than that to the other sites. 9, 17, 29) Therefore, 1 warfarin and 5 myristate molecules were included in the subsequent MD simulations (Fig. 1) .
Preparation of Multiple HSA-Wf-Myr Complexes The 5 FA binding sites have different FA binding affinities, which can be ranked as follows: 5Ͼ4Ͼ2Ͼ Ͼ1Ϸ3, as reported previously. 17, 29) FA binding sites 5, 4, and 2 are high-affinity sites, and 1 and 3 are low-affinity sites (Fig. 1) . On this basis, FA-bound or unbound systems were prepared. For the states where 2 myristate molecules were bound to HSA, for example, 3 HSA-Wf-Myr complexes were prepared in which 2 myristate molecules were bound to FA binding sites 4 and 2 (2Myr42), 5 and 2 (2Myr52), or 5 and 4 (2Myr54). Similarly, for the states where 4 myristate molecules bind to HSA, 2 complexes were prepared in which 3 myristate molecules occupied all 3 high-affinity sites and 1 myristate molecule binds to FA binding sites 1 (4Myr1) or 3 (4Myr3). Consequently, 11 complexes were prepared (Table 1) .
Molecular Dynamics Simulations of a Series of HSA-Wf-Myr Complexes A series of MD calculations were performed using the AMBER9 package (University of California, San Francisco, U.S.A.). The LEaP module was used to construct a model of the 5Myr complex. The sander and particle-mesh Ewald molecular dynamics (pmemd) modules were used for energy minimization and MD calculations, respectively. The parm94 force field 32) was used for modeling the HSA system. The force fields of myristate and warfarin were generated by the antechamber module, based on the general AMBER force field (GAFF). 33) Following ab initio optimization of the myristate or warfarin molecule at the HF/6-31G* level by Gaussian 03 Revision A.1 (Gaussian Inc., Pittsburgh, U.S.A.), a restrained electrostatic potential fit procedure 34) was used as the charge method in GAFF. Missing residues in the starting structure of HSA (residues 1, 2, 585) were added by the Build and Edit Protein tool in Discovery Studio version 1.5 (Accelrys Inc., San Diego, U.S.A.). After the addition of missing residues, missing atoms were added by the LEaP module. Energy minimization with constraints on the positions of non-hydrogen atoms was conducted for 500 steps. Na ϩ counterions were placed by LEaP to neutralize the negative charges of the 5Myr complex system at neutral pH. A rectangular box of water was constructed using the TIP3P water model 35) with 15-Å buffering distance. The resulting systems contained 114673 atoms. The subsequent energy minimization and MD simulations were performed under periodic boundary conditions. For the system, 500 steps of energy minimization constraining the HSA, myristate, warfarin, and counterions were performed, followed by 500 steps of energy minimization with no constraints. After energy minimization, constant-volume MD calculations were performed for 200 ps, during which the temperature was increased from 0 to 310 K, followed by a total of 6-ns constant-pressure MD calculations. The nonbonded list was generated using an atom-based cutoff of 9 Å. The long-range electrostatic interactions were handled by the particle-mesh Ewald algorithm.
36) The time step of the MD simulations was set to 2.0 fs, and the SHAKE algorithm 37) was used to constrain bond lengths at their equilibrium values. Temperature and pressure were maintained using the weak-coupling algorithm 38) with coupling constants (t T and t P ) of 1.0 ps (310 K, 1 atm). Coordinates were saved for analyses every 1 ps.
Multiple HSA-Wf-Myr complexes (Table 1) were obtained by removing the myristate molecules from a snapshot of the 5Myr complex at 6 ns. Starting with each HSA-Wf-Myr complex structure, additional 6-ns MD simulations were performed under the same conditions described above.
The MD simulations and the subsequent MM-PBSA calculations were run on an in-house PC cluster composed of 16 nodes (AMD Opteron 2.4 GHz dual core, 4 GB DDR memory) with a gigabit Ethernet interconnection. Trajectory analyses were performed using the ptraj module. Structural diagrams were prepared by Visual Molecular Dynamics (VMD; version 1.8.6).
39)
Binding Free Energy Calculations by MM-PBSA The binding free energy (DG bind ) of warfarin to HSA in each HSA-Wf-Myr system was calculated as follows:
where
, and G Wf are the free energies of the HSA-WfMyr complex, HSA-myristate complex, and warfarin, respectively. The free energy (G) of each state can be calculated as follows:
where E MM is the molecular mechanical energy, G PB is the polar contribution to the solvation free energy, G SA is the nonpolar contribution to the solvation free energy, and TS is the entropic contribution of the solute (T: absolute temperature, S: entropy). E MM was obtained by summing the contributions of internal energies including bond, angle, and torsional angle energies (E int ), Coulomb energy (E ele ), and van der Waals energy (E vdw ), using the same force field as that of the MD simulations with no cutoff. G PB was calculated using the DelPhi program 40) with PARSE 41) atom radii and standard AMBER94 charges 32) for amino acids. A grid size of 0.5 Å was used to solve the Poisson-Boltzmann equation, and the dielectric constants inside and outside the molecule were 1.0 and 80.0, respectively. To obtain the residue-based decomposition of the G PB term, G PB was also calculated using the PBSA module in AMBER10 (University of California, San Francisco, U.S.A.) under the same conditions used for DelPhi. G SA was calculated 
a) Position number is according to Fig. 1 . The abbreviation of each complex is shown in parentheses.
using a solvent accessible surface area (SASA) as follows:
SASA was computed with the molsurf module in AMBER9 by using a probe radius of 1.4 Å. The surface tension proportionality constant (g) and the free energy of nonpolar solvation for a point solute (b) were set to 0.00542 kcal/mol/Å 2 and 0.92 kcal/mol, respectively. 41) The entropy contribution from vibrational motion was obtained by normal mode analysis. 42) Because normal mode analysis is computationally expensive, only drug binding site I (residues 197-297) and warfarin were retrieved from an MD snapshot for each HSA-Wf-Myr complex and were used for the calculation. The snapshots were energy-minimized with a distance-dependent dielectric function (eϭ4R ij ) until the root mean-square of the elements of the gradient vector was Ͻ10 Ϫ4 kcal/mol/Å. Then, the frequencies of the vibrational modes were computed at 300 K for the minimized structures using a harmonic approximation of the energies.
For the MM-PBSA calculations of the energy and the entropic components, 500 snapshots extracted from a single trajectory of the HSA-Wf-Myr complex were taken at time intervals of 8 ps from the 4-ns production runs (8-12 ns). The binding free energy was calculated as follows:
The change in internal energies (DE int ) equals zero in the binding free energy calculation by Eq. 5, as the internal energies of the complex and the separated parts are calculated from the same trajectory.
Results and Discussion Warfarin as the Target Drug in This Study
Warfarin is the most widely used oral anticoagulant drug for patients with venous thrombosis or pulmonary embolism, and it binds to HSA at a high proportion. 43) Compared with other drugs, there is a plethora of experimental data regarding HSA-warfarin binding constants under various FA/HSA molar ratios, 23, 24) as well as X-ray structures of HSA-warfarin complexes. 11, 15) As discussed below, the experimental data were compared with the calculated HSA-warfarin binding free energies of the 11 HSA-Wf-Myr complexes for validation, followed by detailed structural comparisons among the complexes. Through the HSA-Wf-Myr binding system, this study illustrates the approach to analyze protein-ligand binding systems such that multiple ligands bind to the other sites of the protein. This approach may be applicable to the binding of multiple ligands to other proteins with multiple binding sites, as well as to the binding of other drugs to HSA.
Both warfarin and FA can bind to drug binding site I on HSA.
12) However, warfarin was observed to displace an FA molecule in the X-ray structure (Fig. 1) , 8) indicating that the binding affinity of warfarin at drug binding site I is higher than that of FA. It has been also reported that the binding affinity of an FA molecule at the site is much lower than that at the other FA binding sites. 9, 17, 29) Competitive binding of warfarin and myristate at drug binding site I was therefore not considered in this study.
Root Mean Square Deviation of HSA-Warfarin-Myristate Complex Figure 2 shows the root mean square deviations (RMSDs) of C a atoms from the X-ray structure in HSA-Wf-Myr complex systems. In the 5Myr system, RMSD values of all C a atoms reached a plateau at about 2 ns. The RMSD values of C a atoms belonging to drug binding site I were Յ2.0 Å, indicating that no significant structural drift from the X-ray structure occurred at the site during the MD simulations. Additional 6-ns MD simulations of the other complex systems also showed that no significant structural drift occurred at drug binding site I and that RMSD values reached a plateau at about 8 ns. We used 8-to 12-ns trajectories in the following binding free energy calculations. Table 2 of Ն5).
HSA-Warfarin Binding Free Energies of HSA-Wf-Myr Complexes
24) The magnitude in the 5Myr complex was 1.2 kcal/mol lower than that of the 0Myr complex. The value of 1.2 kcal/mol corresponds to 7.5-fold of the affinity constant.
Next, to analyze which of the high-affinity sites influence HSA-warfarin binding, the binding free energies of the 3 1Myr complexes were compared ( Table 2) . Compared with the 1Myr5 complex, the magnitude of the binding free energy was smaller in the complex in which a myristate molecule was bound to FA binding site 4 (1Myr4) or 2 (1Myr2). In particular, a 4.1-kcal/mol difference in HSA-warfarin binding free energy was observed between the 1Myr2 and 1Myr5 complexes, indicating that the binding of a myristate molecule at FA binding site 2 influences HSA-warfarin binding unfavorably. Interestingly, the unfavorable effect was alleviated when another myristate molecule was bound to FA binding site 4 (2Myr42) or 5 (2Myr52) of the 1Myr2 complex (Table 2) . Compared with the 0Myr complex, the magnitude of the binding free energy was equal in 2Myr54 complex (Ϫ6.2 kcal/mol), or larger in the 2Myr52 complex (Ϫ6.9 kcal/mol).
The other HSA-Wf-Myr complexes in which more than 3 myristate molecules are bound to HSA were also compared ( Table 2 ). The magnitude of the binding free energy was larger in the 3Myr complex than in the 4Myr and 5Myr complexes. In comparison with the 4Myr complexes, the magnitude was larger when a myristate molecule was bound to FA binding site 1 rather than to site 3. FA binding sites 1 and 2 belong to domain I, while sites 3, 4, and 5 belong to domain III (Fig. 1) . Thus, the resulting data suggested that the magnitude of the HSA-warfarin binding free energy tends to be larger when FA molecules are bound to domain I and III equivalently.
The proportion of each HSA-Wf-Myr complex (Table 1 ) under various FA/HSA molar ratios can be estimated from the FA binding affinity to each FA binding site, assuming that an FA molecule binds to each FA binding site independently. The FA binding affinity can be ranked as 5Ͼ4Ͼ2Ͼ Ͼ1Ϸ3. 17, 29) Accordingly, the proportion of HSA-Wf-Myr complexes in which FA binding site 5 is occupied by a myristate molecule will be very large, while the proportion of the 1Myr2 complex (most unfavorable HSA-warfarin binding) will be small. In fact, it was reported that HSA-warfarin binding affinity was not decreased significantly between an FA/HSA molar ratio of 0 and 1. 23, 24) On the other hand, Vorum and Honoré reported that HSA-warfarin binding affinity was increased at an FA/HSA molar ratio of 2-4. 24) Within this range, the proportion of the 2Myr54, 2Myr52, and 3Myr complexes will be large because FA binding sites 5, 4, and 2 are high-affinity sites. 17, 29) As discussed above, the HSA-warfarin binding affinity was stronger in the 2Myr52 and 3Myr complexes than that in the 0Myr complex (Table 2 ). This implied that the increase in the HSA-warfarin binding affinity reported previously might have relevance to the proportion of these complexes.
Structural and Energetic Bases of the Binding of a Myristate Molecule to FA Binding Site 2 on HSA-Warfarin Binding As discussed above, the binding of warfarin to HSA was highly influenced by the binding of a myristate molecule to FA binding site 2 ( Table 2) . Among the 5 FA binding sites, site 2 is closest to drug binding site I (Fig. 1) . Figure 3 depicts the positions of warfarin and myristate bound to FA binding site 2 in the original X-ray structure of the HSA-Wf-Myr complex (PDB entry 1H9Z).
11) Warfarin made direct contacts with the side chains of Arg257 and Ser287, which in turn were in direct contact with a myristate molecule at FA binding site 2 (Fig. 3) . The shortest distances between the non-hydrogen atoms of warfarin/myristate and these residues were Յ4.3 Å. Taking the hydrogen atoms into account, steric interactions between warfarin and the side chains, following the binding of a myristate molecule at FA binding site 2, were expected. Actually, in almost all HSAWf-Myr complexes with a myristate molecule bound to FA The shortest distances between the non-hydrogen atoms of warfarin/myristate and these residues are presented (in units of Å).
binding site 2, the van der Waals energy contribution, DE vdw , was larger (i.e., the contribution was unfavorable) than that of the complexes without a myristate molecule at the site (Table 2) . On the other hand, electrostatic component of the binding free energy, DG PBele (ϭi.e., DE ele ϩDG PB ) did not differ significantly whether or not a myristate molecule binds to FA binding site 2. This indicated that in HSA-warfarin binding, the binding of a myristate molecule to the site was unfavorable in terms of the van der Waals energy contribution.
Relationship between HSA-Warfarin Binding Free Energy and Atomic Fluctuations at Drug Binding Site I Influence of the binding of myristate molecules on HSA-warfarin binding free energy was further analyzed on the point of local protein mobility. Figure 4 shows the comparison of the time-averaged root-mean-square fluctuation (RMSF) for each residue at drug binding site I along the sequence derived from the 8-to 12-ns MD simulations. We focused on the region of amino acid residues 190-260, because some of the amino acid residues (Lys195, Lys199, Phe211, Trp214, Arg218, Arg222, His242, and Arg257) in this region have been reported to alter the binding affinity of site I drugs. 13, 14) In comparison with the 0Myr complex, the RMSF values were higher at almost all residues in the 1Myr2 complex. This uniform upward shift was observed only in the complex, indicating that drug binding site I of the 1Myr2 complex fluctuates more than those of the other complexes. Although the fluctuations in the 1Myr2 complexes caused relatively favorable entropic contribution (TDS), they also caused more unfavorable enthalpic contribution, DG mmpbsa (ϭi.e., DE vdw ϩDG PBele ). When another myristate molecule was bound to FA binding site 4 or 5 in addition to site 2, the RMSF values were smaller than those of the 1Myr2 complex. Correspondingly, the magnitude of the enthalpic contribution in HSA-warfarin binding free energy of the 2Myr42 or 2Myr52 complex was larger (i.e., the HSA-warfarin binding affinity was stronger) than that of the 1Myr2 complex (Table  2) . In HSA-Wf-Myr complexes where the magnitude of the enthalpic contribution was smaller (Ն1.0 kcal/mol) than that in the 0Myr complex, the RMSF values of residues 210-230 and/or residues 230-260 tended to be larger than those in the 0Myr complex (residues 210-230: 1Myr2, 2Myr52, and 3Myr complexes; residues 230-260: 1Myr2, 1Myr4, 4Myr1, 3Myr, and 5Myr complexes). This suggested that the unfavorable enthalpic contribution in the HSA-warfarin binding affinity is in part due to the greater fluctuations observed in the HSA-Wf-Myr complexes, especially when one of the myristate molecules bound to FA binding site 2. On the other hand, the 2Myr52 and 3Myr complexes indicated strong HSA-warfarin affinity due to favorable entropic contribution ( Table 2 ). In these complexes, the patterns of the RMSF values at residues 200-280 were similar (Fig. 4) , suggesting that these residues were relevant to HSA-warfarin binding in terms of entropic contribution.
Comparison of Two Methods for Calculating Electrostatic Component of the Binding Free Energy
Electrostatic component of the binding free energy (DG PBele ) was decomposed by residue, as described below. The PBSA module in AMBER10 was used for this purpose, because no other program based on the DelPhi program was available for residue-based decomposition of the G PB term. Compared with the calculated HSA-warfarin binding free energies of the 0Myr complex including the entropic term, the values were Ϫ6.2 and Ϫ15.4 kcal/mol for DelPhi and PBSA, respectively. Judging from the experimental HSA-warfarin binding free energy of approximately Ϫ7.6 to Ϫ6.6 kcal/mol, calculated from the affinity constants, 23, 44, 45) the G PB term calculated by DelPhi was more accurate than that determined by PBSA in this study. However, the DG PBele values computed for the 11 complexes by PBSA were well correlated with those calculated by DelPhi (Fig. 5) . Thus, the DG PBele values decomposed by residue using PBSA were comparable between each HSA-Wf-Myr complex with respect to rank order. enthalpic contribution (DG mmpbsa ϭϪ21.3 kcal/mol) in HSAwarfarin binding among the 11 complexes. In the complex, the electrostatic component of the binding free energy (DG PBele ) was smaller (i.e., the contribution was more favorable) than those of the other 2Myr complexes ( Table 2 ). The same was applied for the 4Myr3 complex, implying that there are common characteristics of these complexes with respect to favorable electrostatic contributions. The interactions between warfarin and amino acid residues were therefore analyzed. Table 3 shows residue-based decomposition of the HSA-warfarin binding free energy for electrostatic contribution. The rank of the contribution in the 2Myr54 and 4Myr3 complexes is depicted in this table, because differences between the complexes indicating the favorable electrostatic contribution and the other complexes are important. In both 2Myr54 and 4Myr3 complexes, Lys199, Arg222, Asp237, and Ser287 made favorable electrostatic contributions, whereas Arg257 and Ala291 contributed unfavorably. Of these residues, Lys199, Arg222, Asp237, and Arg257 have been reported to alter the binding affinity of site I drugs. 13, 14) The structure of each HSA-Wf-Myr complex was also compared with the others. The time-averaged structure was obtained from the 8-to 12-ns trajectory data of each complex. All averaged structures were fitted on the position of C a atoms at subdomain IIA, and the RMSF of non-hydrogen atoms among the structures was calculated for each residue. Residues having RMSF values of more than 1.0 Å were Gln196, Arg197, Gln204, Arg209, Lys240, Val241, Leu250, and Leu251. Among the residues, direction of the side chain of Gln196 was quite different between the 2Myr54/4Myr3 complex and the others (Fig. 6) . However, the electrostatic contribution of Gln196 on HSA-warfarin binding was less a) Gln196 and the residues with absolute values of more than 0.3 kcal/mol among one of the complexes are shown. b) The numbers in parentheses in the 2Myr54 and 4Myr3 complexes represent the rank of the favorable electrostatic contribution for each residue. c) Decomposed electrostatic components of Gln196, Lys199, Arg222, Arg237, Arg257, Ser287, and Ala291 were summed for each complex. Gln196, Lys199, Arg222, Arg237, Arg257, Ser287, and Ala291 of 2Myr54, 4Myr3, and the other complexes are shown in red, green, and blue, respectively. Oxygen atoms of warfarin are shown in red. For clarity, the hydrogen atoms and the other residues are not displayed. than 0.1 kcal/mol in all complexes ( Table 3 ), suggesting that the residue indirectly affects the favorable electrostatic contribution of HSA-warfarin binding. Figure 6 shows superimposed structures of the 11 HSA-Wf-Myr complexes. Although Gln196, Lys199, and Arg257 were located close to each other in all of the complexes, their relative positions in the 2Myr54 complex were slightly different from the other complexes. Table 4 shows atomic distances between residues relevant to the electrostatic contribution of HSA-warfarin binding. The distance between Gln196 and Lys199/Arg257 was longer, and consequently, the distance between Lys199 and Arg257 was shorter in the 2Myr54 complex. On the other hand, the relative positions of the other residues, Arg222, Arg237, Ser287, and Ala291, were not different among the complexes (Table 4) . When the electrostatic component of the binding free energy decomposed by residues was summed for these residues, it was small (i.e., the contribution was favorable) in the 2Myr54 complex (Table 3 ). In summary, it was suggested that the binding of 2 myristates to FA binding sites 5 and 4 could change the interaction between Lys199 and Arg257 by changing the direction of the side chain of Gln196, resulting in more favorable electrostatic contribution of HSA-warfarin binding.
Structural and Energetic Bases of the

Conclusion
The present study revealed the steric and allosteric effects of FA molecules on the HSA-warfarin binding by using the MD simulations and the subsequent free energy calculations. The unfavorable HSA-warfarin binding was attributable to the steric effect by the binding of a myristate molecule to FA binding site 2. It was indicated by the unfavorable contribution of van der Waals energy to the binding free energy. The unfavorable HSA-warfarin binding was also attributable to the increase in the atomic fluctuations of the amino acid residues belonging to drug binding site I. On the other hand, when 3 FA molecules were bound to high-affinity FA binding sites, 5, 4, and 2, the HSA-warfarin binding affinity was highest among the 11 HSA-Wf-Myr complexes. The favorable HSA-warfarin binding was attributable to favorable entropic contribution related to larger atomic fluctuations at the warfarin binding site. When 2 FA molecules were bound to the highest and second-highest-affinity FA binding sites, 5 and 4, the enthalpic contribution of HSA-warfarin binding affinity was highest among the 11 HSA-Wf-Myr complexes. The favorable enthalpic contribution was attributable to the allosteric effect, which was indicated by the difference in the direction of the side chain of Gln196, accompanied by the binding of FA molecules to the sites.
The effect of change in the free drug concentration caused by changes in the HSA-drug binding affinity is generally considered to be of little clinical importance. 46) From the standpoint of the molecular level, however, it is also reasonable to expect that the changes in HSA-drug binding affinity by the binding of FAs observed in this study may influence, to a varying degree, the pharmacokinetics of drugs. Nonetheless, further investigation will be necessary to link the change in HSA-drug binding occurring at the molecular level with the macroscopic phenomenon. On this point, this work illustrated the approach to analyze protein-ligand binding systems such that multiple ligands bind to the other sites of the protein. This approach may be applicable to the binding of multiple ligands to other proteins with multiple binding sites, as well as to the binding of other drugs to HSA.
